Skeletal muscle atrophy results from an imbalance in protein degradation and protein synthesis and occurs in response to injury, various disease states, disuse, and normal aging. Current treatments for this debilitating condition are inadequate. More information about mechanisms involved in the onset and progression of muscle atrophy is necessary for development of more effective therapies. Here we show that expression of the mouse ether-a-go-go related gene (Merg1a) K ؉ channel is up-regulated in skeletal muscle of mice experiencing atrophy as a result of both malignant tumor expression and disuse. Further, ectopic expression of Merg1a in vivo induces atrophy in healthy wt-bearing mice, while expression of a dysfunctional Merg1a mutant suppresses atrophy in hindlimbsuspended mice. Treatment of hindlimb-suspended mice with astemizole, a known Merg1a channel blocker, inhibits atrophy in these animals. Importantly, in vivo expression of Merg1a in mouse skeletal muscle activates the ubiquitin proteasome pathway that is responsible for the majority of protein degradation that causes muscle atrophy, yet expression of a dysfunctional Merg1a mutant decreases levels of ubiquitin-proteasome proteolysis. Thus, expression of Merg1a likely initiates atrophy by activating ubiquitin-proteasome proteolysis. This gene and its product are potential targets for prevention and treatment of muscle atrophy.-Wang, X.,
Skeletal muscle atrophy, a reduction of contractile protein content and muscle strength, can result from muscle damage, disease, disuse or aging (1) (2) (3) (4) ; the resultant debilitation can seriously compromise quality of life. Physical therapy and administration of growth factors (5) , inhibitors of proteolysis (6) , or stimulators of protein synthesis (7) are methods being studied to treat atrophy; however, more effective treatments are needed. The ubiquitin proteasome pathway (UPP), by which protein substrates are degraded (8) , is prominent among mechanisms known to modulate skeletal muscle atrophy; however, little is known about the factors activating this pathway.
The erg1 (Kv11.1, KCNH2) K ϩ channel conducts I Kr current, which is partially responsible for repolarization of the cardiac action potential in many mammalian species, including mice and humans. Mutations in human erg1 (HERG1) can produce Long QT Syndrome (LQT2), an inherited cardiac disorder characterized by delay of cardiac repolarization, syncope, ventricular arrhythmias, and risk of sudden death (9) . Erg1 K ϩ channels are composed of four separate ␣-subunit proteins. Two alternative splice variants of the erg1 ␣-subunit have been cloned from mouse (Merg1a and 1b; 10) and human (HERG1A and 1B; 11) cDNA libraries. The Merg1b alternative splice variant lacks the first 380 amino acids found in the 1a subunit and, instead, begins with 40 unique amino acids (10) . Electrophysiological studies show that distinct functional K ϩ channels are produced by expression of each splice variant alone and by coexpression of both (10, 11) . A recent report indicates that in vivo cardiac I Kr current is produced by a heteromultimeric erg1 channel, composed of two 1a and two 1b subunits (12) . High levels of erg1a protein have been detected in adult heart and brain tissues of various mammals (10 -14) . Merg1 gene expression is detected in numerous tissues of embryonic mice, including skeletal muscle (13) . To our knowledge, there are no reports of erg1a gene expression in adult mammalian skeletal muscle or of a role for erg1 function in modulation of proteolysis. Here we show that erg1, a voltage-gated K ϩ channel, is up-regulated in atrophic skeletal muscle of mice. Further, ectopic expression of Merg1a in skeletal muscle induces UPP proteolysis and atrophy, while ectopic expression of a dysfunctional dominant negative Merg1a (DN Merg1a, G628S; 15) mutant decreases UPP proteolysis and inhibits atrophy in hindlimb-suspended mice. The data suggest that Merg1a participates in the onset of skeletal muscle atrophy by signaling increased UPP proteolysis.
MATERIALS AND METHODS
Animals All procedures were approved by the Purdue Animal Care and Use Committee. ND4-Swiss Webster mice (Harlan-Sprague, Indianapolis, IN) were used in all procedures except for tumor studies which used athymic mice (NCr-nu; Harlan-Sprague). Animals were housed in Purdue University facilities, monitored by lab animal veterinarians and provided food and water ad libitum.
Hindlimb suspension
Custom suspension cages were constructed as described previously (16) . Mice were placed in these cages resting in approximately a 30°head down tilt with their hindlimbs elevated so that they were unable to place any load on their hindlimbs. Control mice were kept in commercial mouse cages in a normal wt-bearing state.
Tumor induction
Kb human esophageal cancer cells (7000 cells/100 l of RPMI medium with 10% FBS and 1% glutamine; 17) were implanted subcutaneously (s.c.) in the right axilla of athymic mice (nϭ8; NCr-nu; Harlan-Sprague). Control mice (nϭ8) were injected with vehicle. Mice were weighed weekly for 6 wk. Tumors were measured by a digital caliper biweekly.
Western blot
For immunoblots, membrane proteins were extracted from gastrocnemius muscles and brain (14) . Samples were immunoblotted by using erg1 antibody (Ab) (14) . After blotting, membranes were stained with 0.1% Coomassie R-250 to confirm that membrane samples contained equal protein.
Tissue sections and staining
Gastrocnemius muscles were prepared and cryo-sectioned (14 m) as described earlier (16) . Sections were stained for ␤-galactosidase (lacZ) activity (16) or immunostained (16) using erg1 Ab (14) , except where noted. Images of sections were captured with a Leaf Micro-Lumina digital camera (Scitex; Tel-Aviv, Israel). The pixel number of each muscle fiber cross section was determined (Adobe Photoshop 6) and converted to m 2 . Two sections (50 fibers each) from each muscle mid-section were analyzed.
Plasmids
The Merg1a (10), Merg1b (10) and DN-Merg1a (G628S; 15) clones were in pBK/cytomeglovirus (CMV). The ubiquinated firefly luciferase (Ub-FL) in pGL-3/CMV was a gift from Dr. David Piwnica-Worms (18; Washington University, St. Louis, MO). The CMV-nlacZ in pNL vector was purchased from the Center Commercial de Gros (Toulouse, France). The phRL synthetic Renilla luciferase (RL) reporter vector was purchased from ProMega (Madison, WI).
Electroporation
Mice were anesthetized with 0.01 l/mg body wt of xylazine (1 mg/ml) and ketamine (9 mg/ml) in sterile saline. Gastrocnemius muscles of shaved hindlimbs were injected with plasmids and electroporated with 8 pulses at 200V/cm for 20 ms at 1 Hertz (19) with an extracellular matrix (ECM) 830 ElectroSquare Porator (BTX; Hawthorne, NY).
Reverse-transcription polymerase chain reaction (RT-PCR)
RT-PCR was performed as described earlier (16) , except that contaminating DNA was removed from total RNA extract by two 10-min treatments with DNase I (ProMega). Duplicate RNA samples were exposed either to reverse-transcriptase or to vehicle only. Template control samples did not receive RNA. The reverse-transcription product was amplified with PCR, combined with ethidium bromide, and electrophoresed on a 2% agarose gel. Primers for Merg1a were: 5Ј -CGC AGA ACA CCT TCC TCG ACA C -3Ј (forward) and 5Ј -GCA GAA GCC GTC GTT GCA GTA G -3Ј (reverse). Primers for Merg1b were: 5Ј-AGT CCT CCA TGG CGA TTC -3Ј (forward) and 5Ј -GGC CTG CAG CTT ATA CTC -3Ј (reverse).
Astemizole (Sigma, St. Louis, MO)
The antihistamine astemizole (20) was suspended in water.
ECG
Mice were anesthetized by a 240 mg/kg body wt i.p. injection of 20 mg/ml Avertin (2, 2, 2-tribromoethanol; Sigma) in a solution of 1.25% tert-amyl alcohol in saline (21) . A standard lead II ECG was obtained by placing 18-gauge needle electrodes s.c. in the right foreleg (-), left hind leg (ϩ), and right hind leg (ground). ECG's were recorded (3 min) using a multichannel Biopac MP100 physiological recording system (Biopac Systems Inc; Goleta). QT intervals were measured and corrected for heart rate using the formula: QT C ϭ QT O /(RR O /100) 0.5 (22) .
Dual luciferase reporter assay
The Dual-Luciferase Reporter Assay Kit (Promega) was used in accordance with manufacturer's instructions. Firefly luciferase and Renilla luciferase (RL) activities were measured with a TD-20/20 Luminometer (Promega).
RESULTS

Tumor expression induces Merg1a synthesis and atrophy in skeletal muscle
Six weeks after injection of tumor cells, the average wt of tumor-bearing mice (minus tumor wt) was 10.8% (PՅ0.005) less than control mice. Tumor-expressing mice had an 18% (PՅ0.001) lower gastrocnemius wt-to-body wt ratio (1.10Ϯ0.019%, sem) than control mice (1.34Ϯ0.018%, sem), demonstrating that tumor bearing mice lost muscle mass. The mean muscle fiber cross-sectional area (csa) of left gastrocnemius muscles from tumor-bearing mice was 25% less (PՅ0.05) than that of control mice (1445.8Ϯ103.8 m 2 sem vs. 1925.0Ϯ161.6 m 2 sem, respectively), demonstrating that tumor-bearing mice experienced skeletal muscle atrophy. Western blot analysis of extracted membrane proteins detected two Merg1a proteins in cachectic mouse skeletal muscle as previously reported in brain and heart (14; Fig. 1A) . No Merg1 channel protein was detected in control tissue (Fig. 1A) .
Hindlimb suspension results in atrophy and Merg1a synthesis in skeletal muscle
Fourteen mice were hindlimb-suspended (16) for either 4 (nϭ7) or 7 (nϭ7) d, while control animals (nϭ14) remained wt bearing. Left gastrocnemius muscles were embedded and cross sectioned, while right muscles were analyzed with Western blot (14) and RT-PCR analyses (16) . After 7 d, relative to control animals, suspended mice experienced a mean 25% decrease (PՅ0.005) in ratio of gastrocnemius muscle wt to body wt and a 45% decrease (PՅ0.05) in muscle fiber csa. Data show that hindlimb suspension induced atrophy in gastrocnemius muscles. Western blot analysis (14) detected two Merg1a protein isoforms in atrophying skeletal muscle, but not in controls (Fig. 1B) . Consistently, Merg1a mRNA was detected in atrophic muscle (Fig. 1C) . A substantially lower concentration of Merg1a message was also detected in control muscle (Fig. 1C, lane 3) , suggesting that Merg1a protein is synthesized in this tissue at levels not detectable by our Western blotting procedure. After concentrating (4ϫ) a control gastrocnemius muscle sample, Merg1a proteins were evident by blotting (Fig. 1D) . We did not detect proteins in the skeletal muscle sample that correlated to the predicted mass of Merg1b protein (95 kDa; Fig. 1D ). Indeed, RT-PCR analysis failed to detect Merg1b message in either control or atrophied muscle (Fig. 1E ). Using immunohistochemistry (16), we demonstrated that Merg1 proteins were localized in atrophic skeletal muscle fibers; none was found in control muscle (Fig. 1F) .
Electroporation results in expression of plasmid DNA
Left gastrocnemius muscles of 14 mice were injected with expression plasmid encoding Merg1a (30 g; 10), while left gastrocnemius muscles of another 14 mice received expression plasmid encoding Merg1b (30 g; 10) . Right gastrocnemiuses of all mice were injected with expression plasmid encoding lacZ (30 g; 10) . Gastrocnemius muscles were electroporated to facilitate plasmid uptake (19) . After 7 d, Merg1a proteins (14) were detected in Merg1a injected muscles by Western blot analysis; these proteins were not detected in control muscle ( Fig. 2A) . A Merg1b protein was detected just above 95 kDa in muscles injected with Merg1b plasmid; this protein was absent from control muscle (Fig. 2B ).
Merg1a expression in wt-bearing mice induces skeletal muscle atrophy
Left gatrocnemius muscles of 14 mice were injected with lacZ (20 g) and control (40 g) expression plasmids. Right gastrocnemius muscles of seven of these mice were coinjected with Merg1a (20 g; 10), lacZ (20 g ) and control pBK/CMV DNA expression plasmids (20 g ). The right gastrocnemius muscles of the remaining mice (nϭ7) were coinjected with three expression plasmids, each encoding for either: Merg1a (20 g; 10), lacZ (20 g), or a dominant-negative Merg1a mutant (DN Merg1a; 20 g; 15). The DN Merg1a gene product is a pore mutant that is transported to the cell membrane but prevents Merg1 current conduction (15) . Mice remained wt-bearing. Seven days after electroporation, gastrocnemius fibers expressing Merg1a and lacZ (blue fibers) experienced a significant 16.3% decrease in muscle fiber csa relative to fibers injected with lacZ plasmid only ( Fig. 3A1, 2 ; B1, 2). Blockade of Merg1a function by DN Merg1a prevented all but 6.7% of the atrophy induced by Merg1a expression ( Fig. 3A1, 3 ; B1, 3). This incomplete rescue is not surprising, because it is not likely that all randomly assembled channels would contain mutant channel subunit.
Block of Merg1a function inhibits the skeletal muscle atrophy induced by hindlimb suspension
Left gastrocnemius muscles of 14 mice were injected with lacZ expression plasmid (20 g) and control plasmid (30 g). Right gastrocnemius muscles received lacZ expression plasmid (20 g) plus expression plasmid encoding DN Merg1a (30 g; 16) . Twelve hours after electroporation (19) , mice were either hindlimbsuspended (nϭ7) or remained wt-bearing (nϭ7). After 7 d, there was a 45% decrease in csa of suspended mouse muscle fibers relative to wt-bearing controls, showing that suspension induced atrophy ( Fig. 3C1, 2 ; D1, 2). Importantly, the muscle fibers from suspended mice expressing lacZ and DN Merg1a mutants (15) were 13.4% smaller than fibers from muscles of wt bearing mice expressing lacZ ( Fig. 3C2,  3 alone did not affect muscle fiber size in either wtbearing or suspended mice (Fig. 3D 1, 2 ; compare stained and nonstained fibers within each section). This observation was confirmed by fiber csa (data not shown).
Ectopic expression of Merg1b in gastrocnemius muscle does not induce atrophy
Left gastrocnemius muscles of seven mice were injected with lacZ expression plasmid (20 g) and control expression plasmid (30 g), while right gastrocnemiuses received lacZ expression plasmid (20 g) and Merg1b expression plasmid (30 g; 10) . Seven days after electroporation (19) , there was no significant difference in fiber csa of control muscle expressing lacZ alone (2456Ϯ13 m 2 , sem) and those expressing lacZ and Merg1b (2449Ϯ16 m 2 , sem). This finding suggests that the Merg1-induced significant decrease in fiber size is specific to the 1a variant.
Astemizole dose-response curve
Three groups of three mice each were gavaged once every 12 h with a suspension of astemizole, a potent erg1 channel blocker (20) 
daily. By treatment day seven, the corrected QT intervals (QTc's, 22) of all treated animals were significantly longer (PՅ0.02) than those of the control group, demonstrating that the drug blocked Merg1 channel in heart. Because wt loss was minimal and QTc prolongation was maximal, 160 mg/kg was used in the suspension study. (Table 1) show that astemizole treatment alone had no significant effect on body wt (note percent body wt change in groups 1 and 2). However, suspension caused a 7% decrease in body wt that was significantly alleviated by drug treatment (groups 3 and 4). Most importantly, the 15% decrease in muscle fiber csa that was experienced by hindlimb-suspended animals (groups 1 and 3) was blocked by astemizole treatment, bringing fiber csa values to control levels (compare groups 1 and 4). Interestingly, astemizole treatment produced significant increases in fiber csa, gastrocnemius muscle wt-to-body wt ratio and absolute gastrocnemius muscle wt in wt-bearing mice (groups 1 and 2). Data show that pharmacological block of Merg1 alleviates disuse atrophy and suggests that block of Merg1a function results in muscle hypertrophy. These effects likely result from decreased proteolysis produced by block of endogenous Merg1 channel. This is a reasonable supposition because we detect very low levels of Merg1a mRNA (Fig. 1C) and protein (Fig. 1D ) in skeletal muscle of wt-bearing mice.
Astemizole treatment inhibits atrophy in hindlimb-
suspended mice and increases muscle size in wt-bearing controls Twenty-eight mice were randomly assigned to four treatment groups. All animals received an oral gavage of water twice daily for 4 d. All mice were then gavaged once every 12 h for 7 d with either: water (groups 1 and 3) or 160 mg/kg astemizole in water (groups 2 and 4). During the 7 d, groups 1 and 2 remained wt-bearing, while groups 3 and 4 were subjected to hindlimbsuspension. Data
Merg1a expression induces UPP activity
Mouse gastrocnemius muscles (nϭ26) were injected with expression plasmids encoding Ub-FL (40 g; 18) and the RL reporter (10 g). Activity of Ub-FL was normalized to RL activity to control for differences in the transfection efficiency from muscle to muscle. Ub-FL expression produces a measurable protein degraded by the UPP (18); the RL protein will not be degraded. Therefore, a reduction in the Ub-FL-to-RL activities ratio will represent an increase in UPP activity. Ub-FL and RL-injected mice (nϭ6) also received a plasmid encoding Merg1a (30 g; 10), while others (nϭ7) received the DN Merg1a mutant (30 g; 15) . Remaining mice (nϭ13) received control plasmids (30 g). Twelve hours after electroporation (19) , mice injected with DN Merg1a (nϭ7), and those injected with control plasmids (nϭ7) were hindlimb-suspended, while other mice (nϭ12) remained wt-bearing. After 7 d, ratios of Ub-FL-to-RL activity in gastrocnemius muscles were determined as measures of UPP activity; the lower ratios indicated higher UPP activity. Hindlimb suspension induced UPP activity (Fig. 4A1, 3) . Ectopic expression of Merg1a in gastrocnemius muscles of wt-bearing mice induced proteolysis of Ub-FL, decreasing the Ub-FL-to-RL activity ratio by 48% relative to control (Fig. 4A3, 4) . Also, block of endogenous Merg1a channel function by DN Merg1a expression significantly reduced UPP activity in suspended mice (Fig. 4A1, 2 ). Data show that Merg1a K ϩ channel function modulates UPP activity.
Induction of UPP activity is Merg1a-specific
Both gastrocnemius muscles of 12 mice were coinjected with Ub-FL (40 g; 18) and RL (10 g) expression plasmids. The right gastrocnemius muscles of six of these mice were coinjected with Merg1a expression plasmid (30 g; 10), while right gastrocnemius muscles of the remaining six mice were coinjected with Merg1b expression plasmid (30 g; 10) . Left gastrocnemius muscles received appropriate control plasmid (30 g). Seven days after electroporation (19) , ectopic expression of Merg1a significantly increased UPP activity as evidenced by a decrease (80%) in the relative activity of Ub-FL (Fig. 4B1, 2) ; however, ectopic expression of Merg1b did not increase UPP activity as demonstrated by an insignificant (9.4%) decrease in the Ub-FL-to-RL ratio (Fig. 4A1, 3) , an amount that could result from coassembly of Merg1b subunit with low levels of endog- enous Merg1a. Data show that Merg1a, and not Merg1b, specifically increases UPP activity.
DISCUSSION
Skeletal muscle health involves maintenance of an intricate balance between protein synthesis and degradation. Atrophy results from a perturbation in this intricate modulation of the various synthetic and proteolytic pathways and very little is known about mechanisms involved in initiation of the imbalance (2, 3, 23) . Our data demonstrate that Merg1a channel function participates in initiation of skeletal muscle atrophy in response to muscle disuse or cachexia by signaling an increase in UPP proteolysis. We show that Merg1 channel function is an initiating factor acting upstream of atrophy: 1) Merg1 proteins are detected [day 4 of suspension] before the onset of significant atrophy [day 7 of suspension]; 2) ectopic expression of Merg1a induces a decrease in fiber csa in wt-bearing limbs of mice; and 3) genetic and pharmacologic attenuation of Merg1 channel function prevents atrophy in hindlimbsuspended mice. Our studies also demonstrate that the Merg1a splice variant is expressed in skeletal muscle, while Merg1b is not detected, which strongly suggests that the Merg1 channel in this tissue is composed of Merg1a ␣ subunits only. Also, expression of Merg1a, and not Merg1b, results in decreased muscle fiber size and increased UPP activity in wt-bearing mice. Perhaps the more extensive Merg1a NH 2 terminus is necessary for up-regulation of the UPP. This portion of the protein does contain a number of unique signaling sequences, including a PAS-PAC domain, numerous potential protein kinase C (PKC) phosphorylation sites, a protein kinase A (PKA) phosphorylation site, and a potential cAMP/cGMP-dependent protein kinase phosphorylation site (10) . Further, our data strongly suggest that Merg1a channel function is necessary to the atrophic process because both expression of the dysfunctional DN Merg1a mutant and astemizole treatment (pharmacologic channel block) inhibit the decrease in fiber size induced by suspension. Interestingly, although UPP activity is known to function during atrophic remodeling of the heart (24), physiologically relevant levels of Merg1 current (I Kr ) are necessary for normal cardiac and are not likely to induce atrophy. Perhaps expression of the Merg1b splice variant in heart (12) is involved in this regulation. Therefore, the functional consequence of Merg1 channel current conduction may be determined by Merg1 channel ␣ subunit composition.
The possible mechanism(s) by which Merg1a function signals UPP activity is intriguing. It is known that HERG function is regulated by both PKC and PKA (25) and by PIP2 (26) , serving as a link between adrenergic stimulation and regulation of the cardiac action potential. HERG channel function is also regulated by thyrotropin-releasing hormone (TRH) through G-proteins to mediate changes in the frequency of action potentials during the TRH response in GH 3 cells (27) . Further, Merg1 function affects spike-frequency adaptation in neuroblastoma cells (28) and decreases the firing frequency of human ␤-cells (29) . Interestingly, high-frequency stimulation of myoblasts from 20 d old rat embryos potentiates L-type Ca 2ϩ channels (by phosphorylation of the channel) and increases Ca 2ϩ flux through the sarcolemmal membrane (30) . Perhaps, Figure 4 . Merg1a potassium channel regulates the ubiquitinproteasome proteolytic pathway. Statistics. For both studies represented by this figure, changes in muscle Ub-FL-to-RL activity ratios were analyzed by ANOVA in a completely randomized design. Error bars indicate se. There are no statistical differences between groups with the same lowercase letter. Different letters indicate significant differences. A) Ectopic expression of Merg1a enhances activity of the ubiquitin-proteasome pathway (UPP). Gastrocnemius muscles of mice were injected with plasmid DNA encoding ubiquinated firefly luciferase (Ub-FL) and Renilla luciferase (RL) and electroporated. After 7 d, muscle homogenates were assayed for firefly and Renilla luciferase activities. The ratio of Ub-FL-to-RL activity indicates the concentration of UPP proteolysis; the lower ratios indicate higher UPP proteolytic activity levels. The ratio of Ub-FL-to-RL activity in the hindlimb-suspended mice not injected with DN-Merg1a (1) was significantly smaller (90%) than that measured in wt-bearing mice not injected with Merg1a (3). These data indicate that suspension induces UPP activity. Weight-bearing mice expressing Merg1a, RL, and Ub-FL (4) displayed a lower (48%) Ub-FL-to-RL activity ratio than wtbearing mice expressing all these constructs except Merg1a (3). Data denote that Merg1a expression induces degradation of Ub-FL and, hence UPP activity. Suspended mice expressing the DN Merg1a nonfunctional mutant (2) display a significant 5.7-fold higher ratio of Ub-FL to RL activity than suspended mice not expressing DN Merg1a (1) . These data show that block of the Merg1a channel can inhibit UPP mediated proteolysis. B) Increase in UPP activity is specific to the Merg1a alternative splice variant. Ratio of Ub-FL-to-RL activities in wt-bearing mice expressing Merg1a (2) was decreased by 80% relative to control animals (1). The ratio in mice expressing the Merg1b alternative splice variant (3), however, was decreased only by an insignificant 9.4% (3).
Merg1 activity changes the response of skeletal myocytes to neural stimulation by modulating calcium channel activity. Merg1a activity may lower calcium flux across the sarcolemmal membrane and the concentration of depolarizing signal reaching the sarcoplasmic reticulum. Ultimately, the intracellular calcium concentration ([Ca 2ϩ ]i) would be decreased. Diminished [Ca 2ϩ ]i precedes many of the functional changes resulting from hind-limb suspension (31) , including the switch in predominant fiber type that occurs in slow twitch muscle undergoing atrophy; however, the mechanism(s) responsible for lowered [Ca 2ϩ ]i is not well understood (31, 32) . In summary, Merg1a channel function is an initiator of disuse-and cachexia-stimulated atrophy, acting upstream of UPP proteolysis. The mechanism involved in the modulation of UPP by Merg1a channel function obviously begs further study. 
SPECIFIC AIMS
The goals of this study were to: 1) demonstrate that Merg1a K ϩ channel is expressed endogenously in skeletal muscle (skm) undergoing atrophy as a result of disuse and malignant tumor expression; 2) determine if ectopic expression of Merg1a induces skm atrophy in wt-bearing mice and if this effect can be inhibited by coexpression of Merg1a and the nonfunctional dominant-negative DN-Merg1a; 3) determine if inhibition of Merg1 channel function by ectopic expression of DNMerg1a inhibits onset of atrophy in hindlimb-suspended mice; 4) administer the Merg1a blocker astemizole to hindlimb-suspended and wt-bearing mice to determine if pharmacological block of this channel will block atrophy in skm; and 5) determine if ectopic expression of Merg1a will specifically increase the concentration of ubiquitin proteasome proteolysis, the pathway responsible for the majority of protein degradation that occurs during skm atrophy.
PRINCIPAL FINDINGS
Tumor expression and hindlimb suspension result in skeletal muscle atrophy and Merg1a synthesis
Kb human esophageal cancer were implanted subcutaneously (s.c.) in the right axilla of athymic mice NCrnu; Harlan, IN) while control mice were injected with vehicle. ND4-Swiss Webster mice were placed in suspension cages so that they were unable to place any load on their hindlimbs. Control mice were kept in a normal wt-bearing state. After six weeks, the mean muscle fiber cross-sectional area (csa) of gastrocnemius muscles from tumor-bearing mice was 25% less (PՅ0.05, ANOVA) than that of control mice. After 7 d, hindlimbsuspended mice experienced a 45% decrease (PՅ0.05) in muscle fiber csa relative to wt-bearing controls, denoting significant atrophy. Western blot analysis of extracted membrane proteins detected Merg1a proteins in both cachectic and suspended mouse skm (Fig.  1A, B) , but not in control tissue unless it was concentrated 4-fold (Fig. 1C) . Merg1a mRNA was readily detected in gastrocnemius muscles of suspended mice, while only low levels were detected in control skm. Neither Merg1b protein nor mRNA was detected in suspended or control mouse skm (Fig. 1A) . Immunostained sections from suspended mice revealed that Merg1 protein is located in sarcolemmal membranes of myocytes, while it is undetected in control skm (Fig. 1D ).
Ectopic expression of Merg1a induces skeletal muscle atrophy in wt-bearing mice, while coexpression of Merg1a and the dominant-negative DN-Merg1a attenuates the decrease in myofiber size
Injection of plasmid DNA into skm followed by electroporation resulted in expression of encoded genes, specifically Merg1a and Merg1b, as verified with Western blot analysis. We injected the left gastrocnemius muscles of 14 mice with lacZ and control expression plasmids. Right gastrocnemius muscles of seven of these mice were coinjected with Merg1a, lacZ, and control expression plasmids. The right gastrocnemius muscles of the remaining mice were coinjected with three expression plasmids, each encoding either: Merg1a, lacZ, or a DN Merg1a mutant. (The DN Merg1a gene product is a pore mutant that is transported to the cell membrane but prevents Merg1 current conduction.) Mice remained wt bearing. Seven days after electroporation, gastrocnemius fibers expressing Merg1a and lacZ experienced a significant (PՅ0.05, ANOVA) 16.3% decrease in muscle fiber cross-sectional area (csa) relative to fibers injected with lacZ plasmid only. Blockade of Merg1a function by DN Merg1a prevented all but 6.7% of the atrophy induced by Merg1a expression. This incomplete rescue is expected because it is not likely that all randomly assembled channels would contain mutant channel subunit.
Inhibition of Merg1 channel function by ectopic expression of DN-Merg1a inhibits the onset of atrophy in hindlimb-suspended mice
We injected left gastrocnemius muscles of 14 mice with lacZ and control expression plasmids. Right gastrocnemius muscles received lacZ plasmid plus expression plasmid encoding DN Merg1a. Mice were then either hindlimb-suspended (nϭ7) or remained wt bearing (nϭ7). After 7 d, there was a 45% decrease (PՅ0.05, ANOVA) in csa of suspended mouse myofibers expressing lacZ relative to wt-bearing controls expressing lacZ, showing that suspension induced atrophy. Importantly, muscle fibers from suspended mice expressing lacZ and DN Merg1a mutants were 13.4% smaller than control muscle fibers. Block of Merg1a function does attenuate atrophy. Thus, synthesis of DN Merg1a mutant blocks the onset of disuse atrophy in suspended mice, showing that Merg1a current conduction plays a role in atrophy induction. Further, there was no significant difference in fiber csa of control muscle expressing lacZ alone and those expressing lacZ and Merg1b. This finding suggests that Merg1-induced significant decrease in fiber size is specific to the Merg1a variant.
4. Pharmacological block of the Merg1 channel with astemizole inhibits atrophy in hindlimb-suspended mice and promotes myofiber growth in skeletal muscle of wt-bearing mice Twenty-eight mice were orally gavaged once every 12 h for 7 d with either: water (groups 1 and 3) or 160 mg/kg astemizole in water (groups 2 and 4). During treatment, groups 1 and 2 remained wt-bearing, while groups 3 and 4 were hindlimb-suspended. Data show that astemizole treatment alone had no significant effect on body wt of wt-bearing mice; however, suspension caused a significant (PՅ0.05, ANOVA) 7% decrease in body wt that was significantly alleviated by drug treatment. Most importantly, the 15% decrease in muscle fiber csa that was experienced by hindlimb- suspended animals was blocked by astemizole treatment, bringing fiber csa values to control levels. Interestingly, astemizole treatment produced significant increases in fiber csa, gastrocnemius muscle wt to body wt ratio, and absolute gastrocnemius muscle wt in control mice. Data show that pharmacological block of Merg1 alleviates disuse atrophy and suggests that block of Merg1a function results in muscle hypertrophy.
Ectopic expression of Merg1a increases the concentration of ubiquitin proteasome proteolysis
Expression of ubiquinated firefly luciferase reporter (Ub-FL) produces a measurable protein degraded by the ubiquitin proteasome pathway (UPP). We injected gastrocnemius muscles with two expression plasmids, one encoding Ub-FL and the other Renilla luciferase (RL). Muscles were electroporated. Ub-FL-and RLinjected mice also received plasmid encoding: either Merg1a or DN Merg1a or control plasmid. Mice injected with DN Merg1a or control plasmid were hindlimb-suspended, while the remaining control mice and those injected with Merg1a remained wt-bearing. Ub-FL activity was normalized to RL activity to control for differences in muscle transfection efficiency, and ratios of Ub-FL to RL activity were determined as measures of UPP activity; lower ratios indicated higher UPP activity. The Ub-FL-to-RL activity ratio in hindlimb-suspended mice not injected with DN-Merg1a was 90% smaller (PՅ0.02; ANOVA) than that measured in wt-bearing mice not injected with Merg1a. Data indicate that suspension induces UPP activity. Weightbearing mice expressing Merg1a, RL, and Ub-FL displayed a 48% lower (PՅ0.02) Ub-FL to RL activity ratio than wt-bearing mice expressing all constructs except Merg1a, denoting that Merg1a expression induces UPP activity. Suspended mice expressing DN Merg1a displayed a 5.7-fold higher (PՅ0.02) Ub-FL to RL activity ratio than suspended mice not expressing DN Merg1a, showing that block of Merg1 channel inhibits UPP proteolysis. The Ub-FL-to-RL ratio in gastrocnemius muscles coexpressing Merg1b (rather than Merg1a) show that ectopic expression of Merg1b decreased UPP activity by an insignificant 9.4%, an amount that may result from coassembly of Merg1b subunit with low levels of endogenous Merg1a. Thus, Merg1a specifically increases UPP activity.
CONCLUSIONS AND SIGNIFICANCE
We know of no other reports linking Merg1 (or the human homologue HERG) K ϩ -channel function to skeletal muscle atrophy. We show that Merg1 channel function is, in fact, an initiating factor of skm atrophy: 1) Merg1 proteins are detected before onset of significant atrophy; 2) ectopic expression of Merg1a induces a decrease in fiber csa in skm of wt-bearing mice; and 3) genetic and pharmacologic block of Merg1 channel function strongly attenuates atrophy in hindlimb-suspended mice. Additionally, data suggest that block of endogenous Merg1 in normal mice induces hypertrophy. Data also strongly imply that Merg1a channel function participates in initiation of skeletal muscle atrophy by signaling an increase in UPP activity, a pathway known to be responsible for a large portion of the protein degradation that occurs during skm atrophy. Despite recent advances, little is known about initiation of UPP activity and factors acting upstream of the atrophic process. We have discovered that a membrane protein, one capable of sensing and responding to changes in membrane potential, is up-regulated prior to onset of significant atrophy and, in fact, induces an increase in activity of the UPP pathway. We find no other reports linking Merg1 function to UPP activity. Obviously, the mechanism by which Merg1a channel function induces UPP activity begs elucidation. This information is of interest to skm researchers because the Merg1a channel gene and protein are now potential targets for therapies designed to treat skm atrophy. It is, in fact, relevant to researchers in any field involving UPP proteolysis and particularly the cardiac field. For example, UPP activity participates in atrophic remodeling of the heart; however, physiologically relevant levels of Merg1 current (I Kr ) are necessary for normal cardiac function. Perhaps expression of the Merg1b splice variant or another K ϩ channel subunit in heart is involved in this regulation. Therefore, the functional consequence of Merg1 channel expression may be determined by Merg1 channel subunit composition. 
